Introduction {#plb12865-sec-0001}
============

Anthropogenic influence has led to environmental pollution with heavy metals, of which cadmium (Cd) is one of the most common pollutants, released into the environment by mining or smelting activities and through the application of phosphate fertiliser. Its accumulation in crop plants introduces Cd into the human food chain, posing a threat to human health. Although not essential, Cd can enter a plant *via* the roots and is translocated throughout different tissues by a variety of unspecific transport systems (Clemens & Ma [2016](#plb12865-bib-0020){ref-type="ref"}), thereby competing with essential nutrients (Zhang *et al*. [2014](#plb12865-bib-0095){ref-type="ref"}). Cadmium exposure impacts numerous physiological and biochemical processes in plants and leads to limited growth, chlorosis and oxidative stress induced by the production of reactive oxygen species (ROS; Cuypers *et al*. [2010](#plb12865-bib-0023){ref-type="ref"}). Furthermore, plants suffer from water imbalance as an effect of stomatal closure (Perfus‐Barbeoch *et al*. [2002](#plb12865-bib-0066){ref-type="ref"}) and the photosynthetic apparatus is also affected (Sanità Di Toppi & Gabbrielli [1999](#plb12865-bib-0075){ref-type="ref"}). Plants have evolved several mechanisms to minimise the induced toxic effects, including detoxification through chelation (Cobbett [2000](#plb12865-bib-0022){ref-type="ref"}), compartmentation and sequestration in extracytoplasmatic compartments such as the cell wall (Krzesłowska [2011](#plb12865-bib-0049){ref-type="ref"}).

The plant cell wall is a complex structure composed of polysaccharides and proteins, providing mechanical support and rigidity. At the interface between the inside and outside of the cell, it forms a protective barrier, which is important for defence against biotic and abiotic threats to plant cells (Bradley *et al*. [1992](#plb12865-bib-0005){ref-type="ref"}; Brisson *et al*. [1994](#plb12865-bib-0007){ref-type="ref"}; Douchiche *et al*. [2010a](#plb12865-bib-0028){ref-type="ref"}). Cell wall‐localised proteins function in intercellular communication and in the interaction between the cell and its environment. Therefore, the plant cell wall continously undergoes structural modifications in order to adapt to the plant\'s development stages and environmental conditions (Caffall & Mohnen [2009](#plb12865-bib-0009){ref-type="ref"}; Loix *et al*. [2017](#plb12865-bib-0055){ref-type="ref"}). Plants exposed to Cd show concentration‐dependent alterations in cell wall structure. Cell walls become thicker at sites of Cd deposition, with pectin as the main binding site for Cd (Vollenweider *et al*. [2006](#plb12865-bib-0089){ref-type="ref"}). Cadmium accumulation leads to an increased amount of low‐methylesterified pectin in the outer part of the external tangential cell wall (Douchiche *et al*. [2007](#plb12865-bib-0027){ref-type="ref"}), which is mediated by the activity of pectin methylesterase (PME) and increased activity of this enzyme was reported during Cd exposure (Paynel *et al*. [2009](#plb12865-bib-0064){ref-type="ref"}). Low‐methylesterified pectin can bind Cd in competition with calcium (Ca), and Cd‐induced alterations seem to promote the barrier function of the cell wall (Douchiche *et al*. [2010a](#plb12865-bib-0028){ref-type="ref"}; Parrotta *et al*. [2015](#plb12865-bib-0062){ref-type="ref"}). Furthermore, Cd exposure enhances lignification mediated by cell wall‐bound peroxidases (POX), leading to cell wall stiffening and limiting cell growth (Chaoui & El Ferjani [2005](#plb12865-bib-0011){ref-type="ref"}).

Multiple molecular techniques have been applied to study abiotic stress responses in plants and the molecular mechanism behind it. Thereby, quantitative protein analyses are an essential tool to identify important players in plant stress responses such as Cd exposure (Villiers *et al*. [2011](#plb12865-bib-0087){ref-type="ref"}; Lopes Júnior *et al*. [2015](#plb12865-bib-0046){ref-type="ref"}) and have been applied in different species and organs (Kieffer *et al*. [2009](#plb12865-bib-0047){ref-type="ref"}; Semane *et al*. [2010](#plb12865-bib-0079){ref-type="ref"}; Hossain *et al*. [2012](#plb12865-bib-0042){ref-type="ref"}). Most studies focus on short‐term Cd exposure in model plant species and not in economically relevant crops (Lee *et al*. [2010](#plb12865-bib-0051){ref-type="ref"}; Dupae *et al*. [2014](#plb12865-bib-0030){ref-type="ref"}). The current study focuses on the non‐model plant *Medicago sativa* L., which is globally the most important forage legume. High in protein content, *M. sativa* meets the needs of the feed market. The less digestible stems amount to more than 50% of its biomass, with a high yield in cell wall material. It has a high economic value as the stems can be used for industrial applications such as bioethanol production. Since the composition and structure of cell walls are influenced by altered environmental conditions, this may have an impact on their potential value. Therefore, such alterations to the cell wall are of scientific but also societal and economic interest. Hence *M. sativa* is often used to study cell wall development and processes (Verdonk *et al*. [2012](#plb12865-bib-0086){ref-type="ref"}; Printz *et al*. [2016](#plb12865-bib-0069){ref-type="ref"}). Recently, an improved protocol to investigate the cell wall proteome was established (Printz *et al*. [2015](#plb12865-bib-0068){ref-type="ref"}). By expanding knowledge about cell wall proteins and their role in plant defence against abiotic stress like Cd exposure will further our understanding of the plant cell wall.

In this study, *M. sativa* plants were grown on control and Cd‐contaminated soil (10 mg·kg^−1^ soil) with the aim of identifying effects of this treatment at the proteome level and discover potential Cd‐induced structural effects. Although current literature is dominated by studies on short‐term exposure, long‐term exposure experiments to a realistic Cd concentration, as done in this study, make the data relevant for agricultural practices. Quantification of the stem cell wall and soluble proteome was performed with two‐dimensional difference gel electrophoresis (2‐D DIGE), which enables separation of different protein isoforms and discrimination of modified proteins such as heterogeneous glycosylated cell wall proteins and other processed protein forms. Additionally, targeted gene expression analyses with quantitative real‐time PCR (RT‐qPCR) were used to complement and strengthen the proteomic data. Changes in protein patterns, their influence on cell wall structure and the role of the cell wall as a protective barrier against Cd exposure are discussed.

Material and Methods {#plb12865-sec-0002}
====================

Plant material {#plb12865-sec-0003}
--------------

*Medicago sativa* L. (cultivar Giulia) seeds were inoculated with *Sinorhizobium meliloti*. The potting mix was prepared in a single batch using a 2:1 ratio of potting soil to sand. Half of the potting mix was supplemented with 10 mg·Cd·kg^−1^ soil (added as CdSO~4~). Sowing was done in May 2015. For the two conditions, one being a control soil without the addition of Cd, and the other Cd‐supplemented (10 mg·Cd·kg^−1^ soil), 12 × 12 pots were planted. Plants were kept in the greenhouse until the flowering stage was reached (July) and subsequently cut as is agricultural practice. Neither temperature nor photoperiod was controlled during the study. After cutting, plants were kept outside to avoid the observed insect infestation during the first growth cycle. After a re‐growth period until pre‐flowering stage was reached, plants were put back in the greenhouse for one more week before sampling on the 10th of September. No fertiliser was applied. The mineral composition of the two soils was analysed in ten replicates and revealed no significant difference apart from the concentration in Cd (Appendix [S1](#plb12865-sup-0001){ref-type="supplementary-material"}). Stems were separated from leaves and the first two and last two internodes removed to obtain a more homogeneous sample. Five replicates were sampled, with a pool of stem material from 24 pots corresponding to one biological replicate. Samples were ground to a fine powder in liquid nitrogen using a mortar and pestle and kept at **−**80 °C until further use for quantitative protein analysis and targeted gene expression by qPCR. Additionally, leaf, stem and root samples of each condition were taken to determine their Cd content.

Determination of Cd content by ICP‐MS {#plb12865-sec-0004}
-------------------------------------

Samples of approximately 250 mg fresh weight were oven‐dried for 36 h at 60 °C and mineralized in 7 ml nitric acid and 3 ml hydrogen peroxide using a Multiwave PRO microwave reaction system according to the manufacturer\'s instructions (Anton Paar, Graz, Austria). Subsequently, the sample volume was adjusted to 25 ml with MilliQ water (Millipore, Darmstadt, Germany) and Cd concentrations in the samples determined by inductively coupled plasma‐mass spectrometry (ICP‐MS). An average concentration was calculated for the two conditions.

Extraction of cell wall proteins {#plb12865-sec-0005}
--------------------------------

The cell wall proteins were extracted according to (Printz *et al*. [2015](#plb12865-bib-0068){ref-type="ref"}). Four biological replicates were used. Briefly, cell walls were enriched from 7 g ground *M. sativa* stems using an increasing sucrose gradient (5 m[m]{.smallcaps} sodium (Na) acetate pH 4.6, 4 °C supplemented, respectively, with 0.4, 0.6 and 1.0 [m]{.smallcaps} sucrose). The final cell wall pellets were washed twice in 5 m[m]{.smallcaps} Na acetate (pH 4.6). To extract cell wall proteins, 7.5 ml extraction buffer C (5 m[m]{.smallcaps} Na acetate, 200 m[m]{.smallcaps} CaCl~2~, pH 4.6, 4 °C) were added to the cell wall fractions. Samples were placed on a rocking platform (30 min, 4 °C), followed by centrifugation (10,000 × *g*, 15 min, 4 °C). This step was repeated, and supernatants pooled (stored as CaCl~2~ fraction, −20 °C). A total of 10 ml extraction buffer E (5 m[m]{.smallcaps} Na acetate, 50 m[m]{.smallcaps} EGTA, pH 4.6, 4 °C) were added to the pellets, which were shaken vigorously (37 °C, 1 h) and centrifuged (10,000 × *g*, 15 min, 4 °C). This extraction step was repeated twice, and the supernatants pooled (stored as EGTA fraction, −20 °C). Finally, the pellets were resuspended in 15 ml extraction buffer L (5 m[m]{.smallcaps} Na acetate, 3 [m]{.smallcaps} LiCl, pH 4.6, 4 °C), placed on a rocking platform overnight (4 °C), centrifuged and supernatants stored as LiCl fraction at −20 °C.

Protein extracts were concentrated with Amicon Ultra‐15 10 K (Millipore) by centrifugation (4700 × *g*, 4 °C) until a volume of approximately 200 μl was reached. The concentrated extracts were washed and desalted using the ReadyPrep 2‐D Cleanup kit (Bio‐Rad, Hercules, CA, USA) according to the instruction manual. Samples were solubilised in labelling buffer (7 [m]{.smallcaps} urea, 2 [m]{.smallcaps} thiourea, 2% w/v CHAPS, 30 m[m]{.smallcaps} Tris) and protein concentrations determined with the Bradford protein assay (Bio‐Rad).

Extraction of soluble proteins {#plb12865-sec-0006}
------------------------------

Extractions were done with trichloroacetic acid (TCA)/phenol‐ sodium dodecyl sulfate (SDS) (Wang *et al*. [2003](#plb12865-bib-0091){ref-type="ref"}). To 300 mg ground plant material 1 ml ice‐cold acetone containing 10% v/v TCA and 0.07% w/v dithiothreitol (DTT) was added, the suspension was briefly vortexed and left at −20 °C overnight. Centrifugation (10,000 × *g*, 5 min, 4 °C) was followed by two washing steps with ice‐cold acetone (10,000 × *g*, 3 min, 4 °C), and the final pellet was dried at ambient temperature overnight. Next, 800 μl Tris‐buffered phenol (Invitrogen, Waltham, MA, USA; pH 7.5--7.8) and an equal volume of SDS buffer (30% w/v sucrose, 2% w/v SDS, 0.1 [m]{.smallcaps} Tris‐HCL, pH 8.0, 2% 2‐mercaptoethanol) were added to the pellets. After extensive vortexing (10 min) and centrifugation (10,000 × *g*, 3 min), 300 μl of the upper phenol phase were transferred to a new tube, 1.5 ml pre‐cooled 0.1 [m]{.smallcaps} ammonium acetate in methanol added and samples were kept at −20 °C for 2 h. After centrifugation (10,000 × *g*, 5 min, 4 °C) and two washing steps with pre‐cooled 0.1 [m]{.smallcaps} ammonium acetate in methanol (10,000 × *g*, 3 min, 4 °C), pellets were washed twice with 80% acetone. The obtained protein pellets were dried at ambient temperature and solubilised in labelling buffer (see previous section). Again, the Bradford protein assay (Bio‐Rad) was used to determine the protein concentration in the sample.

The 2‐D DIGE and spot selection {#plb12865-sec-0007}
-------------------------------

Per condition and fraction (CaCl~2~, EGTA, LiCl and soluble proteins), 50 μg protein from four replicates were labelled with Cy3 or Cy5. The dyes were swapped between replicates to eliminate the effect of potential preferential labelling on the results. Given that each of the fractions has a highly characteristic protein profile, an internal standard was prepared separately for each of the four fractions. This was composed of 25 μg protein from each of the eight samples (four biological replicates for control and Cd plants) and labelled with Cy2. Samples (one labelled with Cy3, one with Cy5 and the Cy2‐labelled internal standard) were mixed and 9 μl Servalyte pH 3--10 (Serva Electrophoresis, Heidelberg, Germany) and 2.7 μl Destreak Reagent (GE Healthcare, Chicago, IL, USA) were added. The volume was adjusted with lysis buffer (7 [m]{.smallcaps} urea, 2 M thiourea, 4% w/v CHAPS) to 450 μl. The labelled samples were loaded onto an Immobiline™ DryStrip NL of 24 cm (GE Healthcare) during overnight rehydration, followed by isoelectric focusing (IEF) in a five‐step programme: (i) constant 100 V·4 h; (ii) linear gradient up to 1000 V·4 h; (iii) constant 1000 V·5 h; (iv) linear gradient up to 10,000 V·6 h; (v) constant 10,000 V until a total of 80,000 V·h was reached. Equilibration of the IE‐strips was done in equilibration buffer (Serva Electrophoresis) supplemented with 6 [m]{.smallcaps} urea and 1% w/v DTT for 15 min and subsequently in the same buffer supplemented with 6 [m]{.smallcaps} urea and 2.5% w/v iodoacetamide for another 15 min. Strips were applied to 2D HPE™ Large Gel NF‐12.5% (Serva Electrophoresis), 2D electrophoresis was run on a HPE™ tower system according to the manufacturer\'s instructions and stopped after the front reached the bottom of the gel. Gels were placed into fixation buffer (15% ethanol v/v, 1% w/v citric acid) overnight prior to image acquisition. From each gel three pictures of the different dyes were acquired at different wavelengths \[Cy2 488 nm, Cy3 532 nm, Cy5 642 nm (Typhoon FLA 9500; GE Healthcare). Quantitative image analysis was carried out using the SameSpots software (TotalLab). Since the same internal standard is run on each gel of a specific fraction, alignment and normalisation with the image of the internal standard allows comparison of spot volumes across different gels. The software uses an alignment‐based approach and enables automatic statistical analysis for spot detection. When a treatment effect was reported ([anova]{.smallcaps} *P* ≤ 0.05 and detected fold change ≥1.5), the spot was selected for protein identification (Appendices [S2](#plb12865-sup-0002){ref-type="supplementary-material"}, [S3](#plb12865-sup-0003){ref-type="supplementary-material"} for all spot volumes).

Protein digestion and MS/MS analysis {#plb12865-sec-0008}
------------------------------------

Selected spots were picked with an Ettan Spot Picker (GE Healthcare). A Freedom EVO II workstation (Tecan, Männedorf, Switzerland) was used for digestion. Briefly, gel plugs were washed with 50 m[m]{.smallcaps} ammonium bicarbonate solution in 50% v/v methanol/MilliQ Water (Millipore) for 20 min and dehydrated for 20 min in 75% acetonitrile (ACN). Proteins were digested with 8 μl of a solution containing 5 ng·μl^−1^ trypsin (Trypsin Gold; Promega, Fitchburg, WI, USA) in 20 m[m]{.smallcaps} ammonium bicarbonate (overnight, 37 °C). Digested peptides were extracted from the gel plugs with 50% v/v ACN containing 0.1% v/v trifluoroacetic acid (TFA), dried and resolubilised in 0.7 μl 50% v/v ACN containing 0.1% v/v TFA. Peptides were spotted on a MALDI‐TOF target and 0.7 μl·7 mg·ml^−1^ α‐cyano‐4‐hydroxycinnamic acid in 50% v/v ACN containing 0.1% v/v TFA was added.

A MALDI mass spectrum was acquired using the Sciex 5800 TOF/TOF (Sciex, Darmstadt, Germany). The ten most abundant peaks, excluding known contaminants, were automatically selected and fragmented. Both MS and MS/MS were submitted to an in‐house MASCOT server (Matrix Science, <http://www.matrixscience.com>) for database‐dependent identifications against the NCBInr database limited to the taxonomy *Viridiplantae* (3,334,509 sequences). A second search was performed using the *M. sativa* sequences downloaded from the Samuel Roberts Noble website (The Alfalfa Gene Index and Expression Atlas Database, AGED, <http://plantgrn.noble.org/AGED/index.jsp>) (675,756 sequences, 304,231,576 residues). Parameters were a peptide mass tolerance of 100 ppm, a fragment mass tolerance of 0.5 Da, cysteine carbamidomethylation as fixed modification and methionine oxidation, double oxidation of tryptophan, tryptophan to kynurenine as variable modifications. Proteins were considered as identified when at least two peptides passed the MASCOT‐calculated 0.05 threshold score of 40. When high‐quality spectra were not matched to a protein, manual interpretation of the spectra was performed, and/or the search parameters adjusted (semitryptic, single amino acid changes, post‐translational modifications) to increase the sequence coverage of the identified protein. All identifications were manually validated, and their subcellular locations determined using TargetP (Emanuelsson & Nielsen [2000](#plb12865-bib-0032){ref-type="ref"}). The standard search parameters were used. In some cases, predictions were corrected based on literature.

Extraction of RNA and cDNA synthesis {#plb12865-sec-0009}
------------------------------------

The RNA was extracted from 100 mg finely ground stem tissue using the RNAqueouse™ Kit (Life Technologies, Carlsbad, CA, USA) according the manufacturer\'s instructions. To increase the obtained RNA concentration, all samples were cleaned up by precipitating the RNA with 3 [m]{.smallcaps} sodium acetate and 100% isopropanol. The obtained RNA pellet was washed with 70% ethanol and resuspended in RNase‐free water. The RNA concentration and purity were determined using a NanoDrop^®^ ND‐1000 spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA) (A~260/280~ and A~260/230~ ratios between 1.9 and 2.5). Equal amounts (1 μg) of the extracted RNA was DNase‐treated (TURBO DNA‐free™ Kit; Life Technologies) and reverse transcribed following the manufacturer\'s instructions of the PrimeScript™ RT Reagent Kit (Perfect Real Time; Takara Bio, Shiga, Japan). The cDNA was diluted ten‐fold in 1/10 Tris‐EDTA (TE) buffer (Sigma‐Aldrich, St. Louis, MI, USA) and stored at −20 °C.

Quantitative real‐time PCR {#plb12865-sec-0010}
--------------------------

The AGED database was used to obtain the coding sequences for the genes of interest. Specific primer pairs were designed with the Primer3Plus online tool (<http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi>) and analysed using the OligoAnalyzer 3.1 (<https://eu.idtdna.com/calc/analyzer>). Primer efficiency was measured using a dilution series of a pooled sample containing an equal amount of all cDNAs in the experiment (six dilution points) (see Appendix [S4](#plb12865-sup-0004){ref-type="supplementary-material"} Table 1 for primer sequences and efficiencies). Quantitative PCR reactions were performed in a 96 well plate with the 7500 Fast Real Time PCR System (Life Technologies). One amplification reaction contained 2 μl diluted cDNA (or RNase‐free water as "no template" control), forward and reverse primers (100 n[m]{.smallcaps}), Fast SYBR^®^ Green Master Mix (Applied Biosystems) and RNase‐free water to a final volume of 10 μl. The PCR conditions were as follows: initial denaturation (20 s at 95 °C), followed by 40 cycles of denaturation (3 s at 95 °C), annealing and elongation (30 s at 60 °C). At the end of the run a melting curve was generated to check the specificity of the amplification reaction. All details of the workflow according to the minimum information for publication of quantitative real time PCR experiments (MIQE) guidelines as described in Bustin *et al*. ([2009](#plb12865-bib-0008){ref-type="ref"}) are shown in Appendix [S4](#plb12865-sup-0004){ref-type="supplementary-material"} Table 2.

Expression values are given as normalised relative expression values. Therefore, the relative expression of each gene was calculated as 2^−∆Cq^ and normalised by the average 2^−∆Cq^ ‐value of the three reference genes cyclophilin, GAPD, PAB4 (Appendix [S4](#plb12865-sup-0004){ref-type="supplementary-material"} Table 1), which were selected with the GrayNorm algorithm (Remans *et al*. [2014](#plb12865-bib-0071){ref-type="ref"}) out of ten tested reference genes (previously reported for *M. sativa*; Guerriero *et al*. [2014](#plb12865-bib-0039){ref-type="ref"}). Data from the treated samples were expressed relatively to the data from the untreated samples (set at 1). To determine if the gene expression was significantly affected by Cd, a *t*‐test was performed (*P* ≤ 0.05) using Microsoft Excel. Hierarchical clustering of the normalised expression values from all five replicates was done with Clustal 3.0 using an uncentered Pearson correlation and complete linkage clustering (Eisen *et al*. [1999](#plb12865-bib-0031){ref-type="ref"}). The cluster was visualised as a heat map with Java TreeView (Saldanha [2004](#plb12865-bib-0074){ref-type="ref"}).

Results {#plb12865-sec-0011}
=======

Plant growth {#plb12865-sec-0012}
------------

The biomass of the aerial plant parts for each replicate was determined at the end of the experiment. Long‐term Cd exposure did not significantly impact plant growth (110.65 ± 3.78 g for control *versus* 120.32 ± 4.67 g for Cd‐exposed). Nevertheless, a growth reduction due to Cd exposure was clearly visible at an early growth stage (Fig. [1](#plb12865-fig-0001){ref-type="fig"}) but vanished at a more mature plant stage.

![Pictures of *M. sativa* plants during their first growth period (summer 2015). A: Plants growing on contaminated soil (10 mg·Cd·kg^−1^ soil). B: Plants growing on uncontaminated soil](PLB-20-1023-g001){#plb12865-fig-0001}

Distribution of Cd in *M. sativa* leaves, stems and roots {#plb12865-sec-0013}
---------------------------------------------------------

The quantity of Cd in *M. sativa* leaves, stems and roots were assessed *via* ICP‐MS (Table [1](#plb12865-tbl-0001){ref-type="table"}). Cadmium strongly accumulated in the roots and its quantity decreased in aerial plant parts. In stems only 24% of the root Cd quantity was measured, which decreased another 50% in leaves. Changes in the amount of Cd in each tissue between the control and Cd‐exposed plants are significant (*P* ≤ 0.05).

###### 

Cadmium concentration (μg·g^−1^ DW) in different plant organs of *M. sativa* given as the mean ± SE of ten biological replicates

          leaves   stems   roots                   
  ------- -------- ------- ------- ------ -------- -------
  *Ctr*   0.31     0.06    0.24    0.01   2.36     0.74
  *Cd*    21.54    5.16    40.09   8.22   169.91   72.13

AVG, average. Significance of difference in Cd quantity: leaves/stems *P* = 1.03^−5^, stems/roots *P* = 2.03^−5^, roots/leaves *P* = 4.21^−6.^

John Wiley & Sons, Ltd

Proteomic analysis {#plb12865-sec-0014}
------------------

Four different protein fractions were analysed: three different cell wall fractions (CaCl~2~, EGTA and LiCl) and a fraction containing soluble proteins.

### Identification of cell wall proteins {#plb12865-sec-0015}

Comparative DIGE analyses revealed a number of spots with a significant change in their abundance: changes in the fluorescence intensity of 107 spots from the CaCl~2~ fraction, 155 from the EGTA fraction and 87 spots from the LiCl fraction were detected (Appendix [S3](#plb12865-sup-0003){ref-type="supplementary-material"}). After deletion of those spots wherein more than one protein was identified, 228 spots from the different cell wall fractions were considered for biological interpretation (Appendix [S5](#plb12865-sup-0005){ref-type="supplementary-material"} and [S6](#plb12865-sup-0006){ref-type="supplementary-material"} Tables 1, 2 and 3). From that dataset, 179 proteins (78.5%) were predicted by TargetP to be secreted proteins targeted to the cell wall. Out of the remaining 49 proteins, 34 are targeted to the chloroplast, three to mitochondria and 12 have no predicted subcellular target site and can be considered as intracellular proteins.

The highest number of proteins was identified in the EGTA fraction (94, of which 76 are secreted). Of the identified proteins, 66 showed an increased abundance when plants were exposed to Cd. In the CaCl~2~ and LiCl fractions, 73 and 61 proteins were identified, respectively (44 and 59, respectively, are predicted to be secreted). Of those, 45 and 25 proteins, respectively, increased in abundance as a result of Cd exposure. To gather information about the function of the identified proteins, they were clustered according to their predicted biological function using the Blast2Go software (Fig. [2](#plb12865-fig-0002){ref-type="fig"}, Table [S1](#plb12865-sup-0008){ref-type="supplementary-material"}). Strikingly, about 50% of the higher‐abundant proteins in each fraction have a designated role in plant defence.

![Functional classes of proteins with significant quantitative changes in the cell wall of *M. sativa* stems in response to Cd. Plants were exposed to 10 mg of Cd·kg^−1^ soil. Three different cell wall fractions were obtained. Quantitative analyses were performed based on 2‐D DIGE. Clustering into functional classes is based on their predicted biological function using Blast2Go software. A: Functional classes of lower abundant proteins. B: Functional classes of higher abundant proteins.](PLB-20-1023-g002){#plb12865-fig-0002}

A large number of identified proteins are involved in carbohydrate metabolic processes, most prevalently glucan endo‐1,3‐β‐glucosidase, but also glycoside hydrolase, family 17, α‐galactosidase‐like protein, which has a higher abundance in Cd‐exposed plants.

For proteins identified in different spots, the intensity of these spots changed in the same direction with a comparable fold change, except for two proteins. In the EGTA fraction different spots containing β‐like galactosidase (spots 1318 and 1433; Appendix [S5](#plb12865-sup-0005){ref-type="supplementary-material"}) and β‐xylosidase/alpha‐L‐arabinofuranosidase (spots 1620 and 1724; Appendix [S5](#plb12865-sup-0005){ref-type="supplementary-material"}) showed an opposite change. The spectra corresponding to spots 1318 and 1433 were clearly different (Appendix [S6](#plb12865-sup-0006){ref-type="supplementary-material"} Figure 1). An alignment of the identified sequences with the AGED‐database resulted in contig 4097 (spot 1433) and the 40 amino acid longer contig 2997 (spot 1318). Although these contigs showed a different expression profile, no functional distinction between them is known. The identified isoforms of β‐xylosidase/alpha‐L‐arabinofuranosidase had different sequences and matched with two different contigs from *M. sativa* (contig 15227 for spot 1620, contig 54428 for spot 1724). Both of them have *Arabidopsis* homologues known to be differently expressed during pathogen infection (Huitema *et al*. [2003](#plb12865-bib-0045){ref-type="ref"}) and development (Hrubá *et al*. [2005](#plb12865-bib-0043){ref-type="ref"}). However, no functional difference between these proteins is known.

Proteins involved in cell wall remodelling are either of lower (fasciclin‐like arabinogalactan protein, polygalacturonase non‐catalytic protein, proline‐rich extensin‐like protein EPR1, dirigent protein 21‐like) or higher (pectinesterase, xyloglucan endotransglucosylase/hydrolase family protein, non‐classical arabinogalactan protein 31‐like, trichome birefringence‐like protein) abundance as a result of Cd exposure. Being involved in oxidation‐reduction processes, a large number of peroxidases were identified with an increased abundance when plants are exposed to Cd. Designated to the same biological process, plastocyanin and plastocyanin‐like domain protein have a lower abundance in stems of Cd‐exposed plants. While the latter are predicted to be secreted, plastocyanin is targeted to the chloroplast. A large number of ferritins were found to be of lower abundance throughout the three cell wall fractions. We identified different ferritin isoforms and distinguished them from their N‐terminal degradation product phytosidirin (Laulhere *et al*. [1989](#plb12865-bib-0050){ref-type="ref"}). The relatively high density of intracellular ferritin multimers might explain the enrichment of these protein complexes in the cell wall‐enriched samples used in this study. Furthermore, proteins with a nutrient reserve function were identified. Auxin‐binding protein ABP 19a and germin‐like protein subfamily 3 member 1 were found to be of lower abundance after Cd exposure, while rhicadhesin receptor protein and bark storage protein increased in abundance. Some secreted proteins with a function in proteolysis were identified. KDEL‐tailed cysteine endopeptidase CEP1 is of lower abundance in Cd‐exposed plants, while the abundance of papain family cysteine protease was higher.

During the MS‐analyses numerous sequence variants, signal sequences, activation/inhibition sequences and some post‐translational modifications were identified (Appendix [S5](#plb12865-sup-0005){ref-type="supplementary-material"}). The latter category includes the confirmation of an α‐β didehydrophenylalanine as a potentially structure‐determining modification in the β‐subunit of polygalacturonase (Sergeant *et al*. [2017](#plb12865-bib-0080){ref-type="ref"}).

### Identification of soluble proteins {#plb12865-sec-0016}

A significant change in abundance was detected for 52 spots in the soluble fraction (Appendix [S3](#plb12865-sup-0003){ref-type="supplementary-material"}). These spots were picked, leading to identification of 30 proteins. (Appendix [S5](#plb12865-sup-0005){ref-type="supplementary-material"} and [S6](#plb12865-sup-0006){ref-type="supplementary-material"} Table 4), which were clustered according to their predicted biological function using the Blast2Go software (Fig. [3](#plb12865-fig-0003){ref-type="fig"}, Table [2](#plb12865-tbl-0002){ref-type="table"}).

###### 

Summary of identified soluble proteins of *M. sativa* stems that show a Cd‐induced significant abundance change

  annotation                                           species                regulation   targetP
  ---------------------------------------------------- ---------------------- ------------ ---------
  Carbohydrate metabolic process                                                           
  Alpha‐L‐arabinofuranosidase/beta‐D‐xylosidase        *M. truncatula*        Up           S
  Defence                                                                                  
  ABA‐responsive protein                               *M. truncatula*        Up           /
  Epoxide hydrolase‐like protein                       *M. truncatula*        Up           /
  Polyketide cyclase/dehydrase and lipid transporter   *M. truncatula*        Up           /
  Chitinase (Class Ib)/Hevein                          *M. truncatula*        Up           S
  Chitinase                                            *M. truncatula*        Up           S
  Chitinase class III‐1                                *M. sativa*            Up           S
  Class I chitinase                                    *M. sativa*            Up           S
  Plant basic secretory protein (BSP) family protein   *M. truncatula*        Up           S
  Pathogenesis‐related protein 1‐like                  *Brassica rapa*        Up           S
  Metabolic process                                                                        
  Cobalamin‐independent methionine synthase            *M. truncatula*        Up           /
  Sucrose synthase                                     *M. sativa*            Up           /
  Oxidation‐reduction process                                                              
  Ferritin                                             *M. truncatula*        Down         C
  Plastocyanin                                         *M. truncatula*        Down         C
  Seed linoleate 9S‐lipoxygenase                       *M. truncatula*        Up           /
  Protein synthesis                                                                        
  Glycine‐rich RNA‐binding protein‐like                *Arachis duranensis*   Up           /
  Peptidyl‐prolyl cis‐trans isomerase                  *M. truncatula*        Up           C
  Nutrient reserve                                                                         
  Rhicadhesin receptor                                 *M. truncatula*        Up           S

C, targeted to the chloroplast; M, targeted to mitochondria; S, secreted; up, increased protein abundance; down, decreased protein abundance. See Appendix [S6](#plb12865-sup-0006){ref-type="supplementary-material"} Table 4.

John Wiley & Sons, Ltd

![Functional classes of soluble proteins of *M. sativa* stems with higher abundance in response to Cd. Plants were exposed to 10 mg of Cd·kg^−1^ soil. Quantitative analyses were performed based on 2‐D DIGE. Clustering into functional classes is based on their predicted biological function using Blast2Go software.](PLB-20-1023-g003){#plb12865-fig-0003}

Most proteins (26) showed a higher abundance in Cd‐exposed plants and, similar to the cell wall proteins, half of them (54%) are involved in plant defence. Other proteins increasing in abundance are involved in metabolic processes (cobalamin‐independent methionine synthase, sucrose synthase), carbohydrate metabolic processes (β‐xylosidase/α‐L‐arabinofuranosidase), nutrient reserves (rhicadhesin receptor), oxidation‐reduction processes (seed linoleate 9S‐lipoxygenase) or protein synthesis (peptidyl‐prolyl cis‐trans isomerase, glycine‐rich RNA‐binding protein‐like). Of all identified proteins, 43.3% are predicted to be secreted, 16.7% are targeted to the chloroplast, and 40% are without a predicted target site (Appendix [S6](#plb12865-sup-0006){ref-type="supplementary-material"} Table 4). Proteins identified in one or more of the cell wall fractions and in the soluble protein fraction had abundance changes in the same direction. These include ferritin and plastocyanin, involved in oxido‐reduction processes and of lower abundance in Cd‐exposed plants, as well as defence‐related proteins which were more abundant in all extracted fractions from stems of Cd‐exposed as compared to unexposed plants.

Expression of genes involved in cell wall structure and lignification {#plb12865-sec-0017}
---------------------------------------------------------------------

Based on our proteomic study, different genes related to cell wall structure and modification were selected for validation *via* RT‐qPCR. Normalised gene expression values of all five replicates from unexposed and Cd‐exposed plants (Appendix [S7](#plb12865-sup-0007){ref-type="supplementary-material"}) are represented in a heat map (Fig. [4](#plb12865-fig-0004){ref-type="fig"}). The expression of analysed genes in *M. sativa* stems cluster in two main branches. In the upper branch, all genes clearly showed higher expression in Cd‐exposed plants. These include genes encoding different POX isoforms, proteins functioning in carbohydrate metabolic processes (β‐like galactosidase, glycoside hydrolase, β‐xylosidase/α‐L‐arabinofuranosidase, endo‐β‐1,3‐glucanase), pectinesterase/pectinesterase inhibitor and dirigent‐like protein. With the exception of a β‐like galactosidase isoform (contig 2998), all those expression changes were significant (*P* ≤ 0.05; Table [3](#plb12865-tbl-0003){ref-type="table"}).

![Heat map representation of gene expression data from five biological replicates showing the hierarchical clustering (Pearson uncentred, complete linkage clustering) of cell wall‐related genes in *M. sativa* stems under long‐term Cd exposure (10 mg·kg^−1^ soil). Colour intensity is proportional to the actual expression value. Values are provided in Appendix [S7](#plb12865-sup-0007){ref-type="supplementary-material"}.](PLB-20-1023-g004){#plb12865-fig-0004}

###### 

Relative normalised gene expressions in stems of *M. sativa*. Plants were exposed to 10 mg·Cd·kg^−1^ soil. Three reference genes were used for normalisation. Expression levels were calculated relative to the non‐exposed plants

  Gene annotation                                            Contig_ID *M. sativa*   Corresponding gene ID *M. truncatula*   Rel. norm expression ± SE   *P*‐value
  ---------------------------------------------------------- ----------------------- --------------------------------------- --------------------------- -------------
  Beta‐like galactosidase                                    2998                    *Medtr1g018200.1*                       1.507 ± 0.325               0.323
  Beta‐like galactosidase                                    1506                    *Medtr2g039120.1*                       2.272 ± 0.229               0.004
  α‐L‐arabinofuranosidase/β‐xylosidase                       187                     *Medtr2g008240.1*                       1.656 ± 0.157               0.007
  α‐L‐arabinofuranosidase/β‐D‐xylosidase                     54428                   *Medtr2g034720.1*                       2.299 ± 0.329               0.006
  Alpha‐galactosidase‐like protein                           33480                   *Medtr7g073650.1*                       0.966 ± 0.1                 0.865
  Glucan endo‐1,3‐β‐glucosidase                              75119                   *Medtr4g076470.1*                       2.383 ± 0.291               0.012
  Pectinesterase/pectinesterase inhibitor                    93377                   *Medtr7g050950.1*                       2.854 ± 0.364               0.001
  Non‐classical arabinogalactan protein 31‐like              91472                                                           1.041 ± 0.025               0.512
  Trichome birefringence‐like protein                        13146                   *Medtr2g015720.1*                       0.895 ± 0.31                0.259
  Xyloglucan endotransglucosylase/hydrolase family protein   102819                  *Medtr4g126920.1*                       1.065 ± 0.112               0.454
  Xyloglucanase‐specific endoglucanase inhibitor protein     100138                  *Medtr1g072420.1*                       1.146 ± 0.040               0.391
  Peroxidase family protein                                  12706                   *Medtr2g029850.1*                       1.953 ± 0.151               0.0003
  Class III peroxidase                                       17644                   *Medtr4g095450.1*                       2.530 ± 0.057               2.45·e^−6^
  Lignin biosynthetic peroxidase                             84389                   *Medtr2g084020.1*                       5.808 ± 0.522               0.002
  Peroxidase family protein                                  64923                   *Medtr6g043240.1*                       2.083 ± 0.235               0.005
  Class III peroxidase                                       14966                   *Medtr5g074970.1*                       1.669 ± 0.043               5.2·e^−6^
  Glycoside hydrolase, family 17                             67100                   *Medtr2g034440.1*                       4.567 ± 0.494               9.584·e^−5^
  Fasciclin‐like arabinogalactan protein                     86958                   *Medtr4g059840.1*                       0.920 ± 0.053               0.512
  Polygalacturonase non‐catalytic protein                    111493                  *Medtr8g064530.1*                       1.156 ± 0.143               0.405
  Dirigent protein 21‐like                                   4524                    *Medtr1g018200.1*                       1.716 ± 0.170               0.006

Values are mean ± SE from five biological replicates. *P*‐values below or equal to 0.05 indicate significant differences.

John Wiley & Sons, Ltd

The second branch is characterised by an unclear distinction between expression levels within stems of Cd‐exposed and unexposed plants, and variable expression between the five replicates of the two conditions was observed, resulting in non‐significant relative expression changes (Fig. [4](#plb12865-fig-0004){ref-type="fig"}). Genes in that branch are related to cell wall modification and carbohydrate metabolism.

However, most of the observed significant expression changes were consistent with those observed for protein abundance.

Discussion {#plb12865-sec-0018}
==========

Our data show the impact of long‐term Cd exposure on the cell wall and soluble proteome in *M. sativa* stems. Especially proteins involved in cell wall structure and remodelling are most interesting as they can be connected to structural changes in the cell wall induced by Cd. A brief overview is provided in Fig. [5](#plb12865-fig-0005){ref-type="fig"}. Transcription levels from corresponding genes were further investigated to validate our protein data. Several proteins involved in photosynthesis were identified within the cell wall fraction. Although these proteins are not localised at the cell wall, they will be part of the discussion as their abundance is highly affected by Cd exposure, underlining the impairment of photosynthesis due to Cd exposure.

![Effects of Cd on cell wall structure. Cd might affect the cell wall structure in different ways. Cd influences lignification by acting on peroxidase (POX) activity. It further changes the activity of pectin methylesterase (PME), which leads to enhanced content of low‐methylesterified pectin and thereby creates binding sites for Cd within the cell wall. This is also supported by the activity of polygalacturonase (P‐Gal) and polygalacturonase β‐subunit (βP‐Gal). The latter protein is negatively influenced by Cd. Cd directly affects the cell wall structure by changing activity of xyloglucan endotransglucosylase/hydrolase (XTH) and sucrose synthase (SuSy). By degrading sucrose, SuSy provides precursor molecules for cell wall synthesis. Intracellular, Cd indirectly triggers production of ROS, which subsequently activates POX activity and also operates as signalling molecules for downstream processes. Germin‐like proteins (GLP) induce ROS production and therefore influence ROS signalling and trigger POX activity.](PLB-20-1023-g005){#plb12865-fig-0005}

Plants were grown for 5 months and the secondary shoot was sampled, as the cutting and re‐growing of *M. sativa* is commonly used in agriculture. Cadmium‐exposed plants exhibited severe effects during and after germination. Seeds grown on Cd‐contaminated soil did not germinate in twice as much pots as those grown on the control soil. Furthermore, Cd‐exposed plants were inhibited in growth during the first weeks after germination (Fig. [1](#plb12865-fig-0001){ref-type="fig"}). In a later more mature state, phenotypic differences evened out, and at the end of our experiment (growth of secondary shoots) no significant difference in biomass was observed between control and Cd‐treated *M. sativa* plants. This observation is in agreement with previous studies showing the strongest impact of heavy metals during germination and the initial stage of growth, while only slight growth inhibition was observed for several plant species in a more mature growth stage after attaining a new homeostasis on mildly polluted soils (Peralta‐Videa *et al*. [2004](#plb12865-bib-0065){ref-type="ref"}; Chaoui & El Ferjani [2005](#plb12865-bib-0011){ref-type="ref"}; Wang & Song [2009](#plb12865-bib-0090){ref-type="ref"}; Chou *et al*. [2011](#plb12865-bib-0015){ref-type="ref"}). In a previous study undertaken in our laboratory on sunflowers exposed to a polymetallic constraint, this metal sensitivity of the initial growth stage was also observed (Printz *et al*. [2013](#plb12865-bib-0067){ref-type="ref"}). Although stress exposure passes through an alarm phase wherein rapid responses are intiatied to tackle the immediate threat and prevent damage (Lichtenthaler [1996](#plb12865-bib-0053){ref-type="ref"}), a recent meta‐study of proteome data indicates that long‐term exposure of plants to low to moderate concentrations of heavy metals results in the establishment of a new homeostatic equilibrium (Dupae *et al*. [2014](#plb12865-bib-0030){ref-type="ref"}).

Cadmium accumulation in roots {#plb12865-sec-0019}
-----------------------------

In this study, roots had the highest Cd content in Cd‐exposed plants, and we observed a decreasing Cd content from roots \> stems \> leaves. The assessed Cd content in roots was four and seven times higher than in stems and leaves, respectively (Table [1](#plb12865-tbl-0001){ref-type="table"}). Roots are directly exposed to Cd present in the soil. Ion transporters, which are embedded in the plasma membrane of root cells, preferentially take up nutrients from the surrounding soil, but do not discriminate between chemically similar metals and therefore also represent the main entry route for non‐essential metals such as Cd (Clemens [2006](#plb12865-bib-0019){ref-type="ref"}; Song *et al*. [2016](#plb12865-bib-0081){ref-type="ref"}). Protective mechanisms occur primarily downstream of the uptake, *e.g*. by trapping ions inside the cell through selective binding sites with a high affinity. Phytochelatins (PC) are cysteine‐rich peptides synthesised in response to various metal ions, with the ability to bind them. Among metals, Cd is the most potent inducer of PC synthesis (Grill *et al*. [1989](#plb12865-bib-0036){ref-type="ref"}; Clemens *et al*. [1999](#plb12865-bib-0021){ref-type="ref"}). Phytochelatin--Cd complexes are sequestered in the vacuole, supporting the detoxification mechanisms of the cell (Cobbett [2000](#plb12865-bib-0022){ref-type="ref"}), and it is assumed that vacuoles of root cells are the major site of metal accumulation. By retaining Cd in the roots and maintaining low root‐to‐shoot translocation, physiological highly important organs such as leaves are protected from Cd‐induced damage, and essential process like photosynthesis can be maintained.

Cadmium affects the accumulation of proteins related to cell wall structure {#plb12865-sec-0020}
---------------------------------------------------------------------------

Effects of Cd exposure are observed in the cell wall proteome and in the TCA/phenol‐extracted soluble proteome. The changes identified in the soluble proteome are consistent with those in the different cell wall fractions. Proteins uniquely identified in the soluble protein fraction include proteins involved in protein biosynthesis. Those proteins are of higher abundance, indicating that the plant is actively synthesising proteins as a protective response to Cd stress. In the soluble protein fraction, a higher abundance was determined for sucrose synthase (SuSy). SuSy breaks down sucrose into fructose and UDP‐glucose (Koch [2004](#plb12865-bib-0048){ref-type="ref"}). The latter is used for cellulose biosynthesis, and cell wall‐bound SuSy isoforms might channel UDP‐glucose directly into the cellulose synthase complex (Brill *et al*. [2011](#plb12865-bib-0006){ref-type="ref"}). Cellulose is the main compound of the plant cell wall and during secondary cell wall synthesis a large quantity of UDP‐glucose molecules are required. The needed glucose molecules derive from photosynthesis and carbon fixation through the Calvin Cycle. Throughout all cell wall fractions, a Cd‐induced lower abundance of photosynthetic proteins was observed in this study (Fig. [2](#plb12865-fig-0002){ref-type="fig"}, Table [S1](#plb12865-sup-0008){ref-type="supplementary-material"}), which suggests impaired photosynthesis in *M. sativa* (Al‐Hakimi [2007](#plb12865-bib-0001){ref-type="ref"}; Wang *et al*. [2014](#plb12865-bib-0092){ref-type="ref"}). Impaired photosynthesis affects the carbon fixation and reduces the available amount of glucose. The activity of SuSy could compensate for the missing glucose supply from the impaired photosynthesis and through this maintain the integrity of the cell wall during Cd stress.

Generally, proteins of the same functional classification have a change in abundance in the same direction. Even among members of larger protein families (chitinases, germins, POX) a similar directional change or trend was observed. Only in two cases (β‐like galactosidase and β‐xylosidase/α‐L‐arabinofuranosidase), did spots that contained the same protein show significant changes in different directions. Although MS analysis allowed the discrimination of different isoforms in the spots (Appendix [S5](#plb12865-sup-0005){ref-type="supplementary-material"} and [S6](#plb12865-sup-0006){ref-type="supplementary-material"} Figure 1), no functional specification of these isoforms was possible.

An important number of proteins with significant abundance changes are involved in cell wall modification and carbohydrate metabolic processes. A variety of these enzymes (including pectinesterase, β‐like galactosidase, α‐galactosidase and polygalacturonase non‐catalytic protein) are responsible for structural modifications, degradation and changes within the pectin network during maturation and as response to stress (Dellapenna *et al*. [1990](#plb12865-bib-0026){ref-type="ref"}; Ali *et al*. [2004](#plb12865-bib-0002){ref-type="ref"}; Chrost *et al*. [2007](#plb12865-bib-0017){ref-type="ref"}; Caffall & Mohnen [2009](#plb12865-bib-0009){ref-type="ref"}; Huang *et al*. [2016](#plb12865-bib-0044){ref-type="ref"}). Apart from polygalacturonase non‐catalytic protein, all these proteins were more abundant in Cd‐exposed *M. sativa* stems (Table [S1](#plb12865-sup-0008){ref-type="supplementary-material"}), which corresponded to increased expression of their encoding genes (Table [3](#plb12865-tbl-0003){ref-type="table"}). Cadmium induces changes in the pattern of the pectin homogalacturonane in plant cell walls (Douchiche *et al*. [2010b](#plb12865-bib-0029){ref-type="ref"}) and enhances PME activity (Paynel *et al*. [2009](#plb12865-bib-0064){ref-type="ref"}). The here observed higher abundance of pectinesterase supports elevated levels of low methylesterified homogalacturonane in the cell wall of Cd‐exposed *M. sativa* stems, creating binding sites for Cd and contributing to Cd deposition in the cell wall (Ramos *et al*. [2002](#plb12865-bib-0070){ref-type="ref"}), which prevents its further entry into the cell and translocation to the leaves. The function of the polygalacturonase non‐catalytic protein remains ambiguous. Data indicate that it limits access of hydrolases by tightly binding to pectin and that it prevents pectin release from the cell wall (Watson *et al*. [1994](#plb12865-bib-0093){ref-type="ref"}; Chun & Huber [1997](#plb12865-bib-0018){ref-type="ref"}). Other studies found that overexpression of this protein results in a decreased pectin content and reduced cell adhesion (Liu *et al*. [2014](#plb12865-bib-0054){ref-type="ref"}). In the current study, different isoforms of this protein showed decreased abundance when plants were exposed to Cd, which might support the pectinesterase‐catalysed de‐methylation of pectin.

The backbone of pectin is highly modified with different oligosaccharides and *O*‐acetyl groups (Mohnen [2008](#plb12865-bib-0059){ref-type="ref"}). As a response to Cd, we found β‐xylosidase/α‐L‐arabinofuranosidase either of higher or lower abundance and a higher abundance of trichome birefringence‐like protein (Table [S1](#plb12865-sup-0008){ref-type="supplementary-material"}). The latter is an *O*‐acetyltransferase, substituting cell wall polysaccharides (hemicellulose, pectin and lignin) with *O*‐acetyl, which influences their properties and modifies the cell wall (Gille & Pauly [2012](#plb12865-bib-0034){ref-type="ref"}). As a bifunctional hydrolase, β‐xylosidase/α‐L‐arabinofuranosidase hydrolyses terminal non‐reduced L‐Ara and D‐Xyl and is involved in reconstruction of the cell wall (Xiong *et al*. [2007](#plb12865-bib-0094){ref-type="ref"}; Chavez Montes *et al*. [2008](#plb12865-bib-0013){ref-type="ref"}). Two spots with a different direction of changes were identified, which can be ascribed to the bifunctional activity or to differences in substrate specificity of the different isoforms.

Furthermore, increased protein abundance of xyloglucan endotransglucosylase/hydrolase (XTH) due to Cd exposure was observed (Table [S1](#plb12865-sup-0008){ref-type="supplementary-material"}). As XTH activity results in the re‐construction of xyloglucan, it promotes cell wall loosening and cell expansion (Osato *et al*. [2006](#plb12865-bib-0061){ref-type="ref"}). Overexpression of this enzyme in Cd‐exposed plants conferred Cd tolerance, correlated with the XTH‐catalysed decline in xyloglucan content in the cell wall (Han *et al*. [2014](#plb12865-bib-0040){ref-type="ref"}). In another group of spots with an increased intensity after Cd stress, a cysteine‐rich secretory protein (CAP) was identified. This small PR‐1 protein has a cd05381 conserved domain with antifungal, as well as cell wall loosening activity. Homologous genes are down‐regulated in salt‐ and Ca^2+^‐exposed plants (Volkov *et al*. [2003](#plb12865-bib-0088){ref-type="ref"}; Chan *et al*. [2008](#plb12865-bib-0010){ref-type="ref"}) but were highly increased in *Crambe abyssinica* exposed to arsenate (Paulose *et al*. [2010](#plb12865-bib-0063){ref-type="ref"}). Overexpression of a pepper homologue of this enzyme in tobacco plants resulted in increased resistance to Cd and mercury exposure (Sarowar *et al*. [2005](#plb12865-bib-0076){ref-type="ref"}). Whether this is a result of its direct impact on the cell wall or an indirect impact on ROS generation is not known.

We found lignin biosynthetic peroxidase and other non‐specific cell wall‐linked peroxidases were highly abundant in Cd‐exposed *M. sativa* stems (Table [S1](#plb12865-sup-0008){ref-type="supplementary-material"}). The corresponding gene transcripts were up‐regulated for all different isoforms and were more than five times higher in Cd‐exposed plants for the lignin biosynthetic peroxidase (Table [3](#plb12865-tbl-0003){ref-type="table"}). Lignification results in cell wall stiffening and limits cell growth (Schützendübel *et al*. [2001](#plb12865-bib-0077){ref-type="ref"}; Chaoui *et al*. [2004](#plb12865-bib-0012){ref-type="ref"}). Cadmium is known to induce oxidative stress (Garnier *et al*. [2006](#plb12865-bib-0033){ref-type="ref"}; Cuypers *et al*. [2011](#plb12865-bib-0024){ref-type="ref"}) and H~2~O~2~ accumulation (Schützendübel *et al*. [2001](#plb12865-bib-0077){ref-type="ref"}; Rodríguez‐Serrano *et al*. [2006](#plb12865-bib-0073){ref-type="ref"}). As a signalling molecule, H~2~O~2~ triggers secondary reactions, such as an increased peroxidase activity, which contributes to increased lignification. Lignification is further supported by dirigent‐like proteins, which bind free radical monolignol species and coordinate their coupling during lignin biosynthesis (Davin & Lewis [2000](#plb12865-bib-0025){ref-type="ref"}). A gene encoding a dirigent‐like protein was induced by drought, salt and oxidative stress in *Saccharum officinarum*, highlighting their important role in plant resistance and defence (Jin‐long *et al*. [2012](#plb12865-bib-0501){ref-type="ref"}), and its involvement in plant responses to metal stress was also observed (Van De Mortel *et al*. [2006](#plb12865-bib-0084){ref-type="ref"}; Chen *et al*. [2016](#plb12865-bib-0014){ref-type="ref"}). Yet, we reported a Cd‐mediated lower abundance of dirigent protein 21‐like (Table [S1](#plb12865-sup-0008){ref-type="supplementary-material"}), although expression of the corresponding gene was significantly induced by Cd (Table [3](#plb12865-tbl-0003){ref-type="table"}). Gene expression and protein abundance do not necessarily correlate in a linear manner. Transcription and translation are controlled by different mechanisms which enhance or repress protein synthesis. Thereby, the degree of protein turnover probably has the greatest influence on the transcript‐protein correlation (Maier *et al*. [2009](#plb12865-bib-0056){ref-type="ref"}).

Overall, proteome and transcript data from stems of *M. sativa* support that Cd alters the cell wall structure and induces lignification as an important mechanism during plant defence. In the case of α‐galactosidase‐like protein, non‐classical arabinogalactan protein 31‐like, trichome birefringence‐like protein, xyloglucan endotransglucosylase/hydrolase family protein, xyloglucanase‐specific endoglucanase inhibitor protein, fasciclin‐like arabinogalactan protein and polygalacturonase non‐catalytic protein, the protein abundance did not correspond with the determined transcript accumulation (Table [3](#plb12865-tbl-0003){ref-type="table"}, Fig. [4](#plb12865-fig-0004){ref-type="fig"}). For those genes, expression changes after Cd exposure were variable between replicates and therefore no significant changes in mRNA abundance was obtained. However, mRNA transcript levels and protein accumulation do not inevitably correlate due to the complexity of post‐transcriptional mechanisms translating mRNA into proteins, fundamental differences of protein *in‐vivo* half‐lives as well as experimental limitations and errors. Reports on missing or poor proportional correlation of transcriptome and proteome data can be found in literature (Greenbaum *et al*. [2003](#plb12865-bib-0035){ref-type="ref"}). Therefore, transcriptomic and proteomic data should be seen as independent yet partly correlating information (Vélez‐Bermúdez & Schmidt [2014](#plb12865-bib-0085){ref-type="ref"}). Since 2D‐PAGE has the potential to visualize all post‐transcriptional events, although in general without exact identification, correlations between 2D‐based proteome data and mRNA data are generally lower than when using a peptide‐based proteome approach. The change in abundance of a specific proteoform, due to post‐transcriptional events, may therefore be poorly correlated or even reversed to transcriptional regulation. This observation underscores the complementarity of studying biology at the transcriptional and post‐transcriptional level.

Cadmium exposure results in accumulation of stress response proteins {#plb12865-sec-0021}
--------------------------------------------------------------------

Exposure to Cd induces oxidative stress, which is consistent with an increased abundance of stress‐related proteins in all fractions (Tables [S1](#plb12865-sup-0008){ref-type="supplementary-material"} and [2](#plb12865-tbl-0002){ref-type="table"}, Figs [2](#plb12865-fig-0002){ref-type="fig"} and [3](#plb12865-fig-0003){ref-type="fig"}). The majority of these defence proteins are chitinase isoforms. Increased accumulations of chitinases in response to Cd were previously observed in different plants (Békésiová *et al*. [2008](#plb12865-bib-0003){ref-type="ref"}; Mészáros *et al*. [2014](#plb12865-bib-0057){ref-type="ref"}). In general, chitinases are ROS‐regulated and thus the reported increased abundance of chitinases is not specific to Cd and rather reflects the general stress response of *M. sativa* (Metwally *et al*. [2003](#plb12865-bib-0058){ref-type="ref"}; Hossain & Komatsu [2013](#plb12865-bib-0041){ref-type="ref"}; Li *et al*. [2016](#plb12865-bib-0052){ref-type="ref"}).

Germin‐like proteins (GLP) in stem tissue of *M. sativa* show a decreased abundance when plants were exposed to Cd, even though GLP are involved in the response to abiotic stresses. Formally classified as storage proteins, GLPs are expressed in all plant tissues throughout all development stages and their association to the cell wall has been demonstrated (Vallelian‐Bindschedler *et al*. [1998](#plb12865-bib-0083){ref-type="ref"}; Schweizer & Christoffel [1999](#plb12865-bib-0078){ref-type="ref"}; Christensen *et al*. [2004](#plb12865-bib-0016){ref-type="ref"}). Many functions are assigned to GLPs: receptor, structure, enzyme activity (Bernier & Berna [2001](#plb12865-bib-0004){ref-type="ref"}), including oxalate oxidase (OxO) and superoxide dismutase (SOD) activity (de los Reyes & McGrath [2003](#plb12865-bib-0072){ref-type="ref"}; Gucciardo *et al*. [2007](#plb12865-bib-0038){ref-type="ref"}). Both reactions induce the generation of H~2~O~2~, a second messenger molecule during plant stress responses but also a trigger for peroxidase‐induced lignification of the cell wall, as discussed above. A stress‐induced decreased in GLP‐SOD activity in the cell wall was observed previously in cell cultures of *Barbula unguiculata* (Nakata *et al*. [2002](#plb12865-bib-0060){ref-type="ref"}). Lowering the abundance of GLPs in response to Cd exposure will produce less ROS and prevent additional oxidative stress on top of the already induced oxidative burst by Cd.

Conclusion {#plb12865-sec-0022}
==========

Upon long‐term exposure, the roots of *M. sativa* accumulated Cd, thereby restricting its mobility throughout the plant as further Cd accumulation induces impairment of cellular, biochemical and physiological processes in the aboveground tissues. To test the hypothesis that the cell wall functions as an effective barrier to the entry of Cd, the present study focused on cell wall proteomes of the stems, as stems produce high amounts of cell wall material. Analysis of the cell wall and soluble proteome of the stem revealed a profound impact of Cd. Cadmium influences the abundance of cell wall proteins involved in multiple physiological processes such as plant defence response, oxidation‐reduction processes, carbohydrate metabolism and cell wall remodelling. Transcriptome data of the study overall support these observations.

The identified proteins indicate that long‐term Cd exposure induces alterations in the structure of the cell wall and promotion of the lignification process. Currently, the determination of the cell wall composition and structure and the degree of lignification is ongoing. Although there is a negative impact of Cd stress on the early stages of plant growth, long‐term exposure to Cd does not have an adverse impact on mature plants in terms of biomass production, and the observed transcriptome and proteome changes do not have a significant impact on the produced biomass. This indicates that the mature plants established a new homeostasis and the induced protective mechanisms are more effective in mature than in juvenile plants.

Supporting information
======================

###### 

**Appendix S1.** Nutrient content of the planting soil at the end of the experiment as determined by ICP‐MS. The nutrient concentrations are given as mean ± SE of ten replicates from each condition (μg·g^−1^ dry weight). Apart from the Cd concentration, no significant changes (*P* ≤ 0.05) in nutrient composition occurred.

###### 

Click here for additional data file.

###### 

**Appendix S2**. 2‐D DIGE of the three cell wall fractions and the soluble protein fraction from *M. sativa* stems. The shown gels were used as master gel for the experiment. Proteins were pre‐labelled with CyDye. Labelled samples were loaded on ImmobilineTM DryStrip NL, 24 cm (GE Healthcare) followed by migration on HPETM Large Gel NF‐12.5% (Serva Electrophoresis). Marked spots were selected for identification using SameSpots software (TatalLab). HMW, high molecular weight; LMW, low molecular weight.

###### 

Click here for additional data file.

###### 

**Appendix S3.** 2‐D DIGE spot volumes determined with SameSpots software (TotalLab) from spots which show a significant quantitative change after Cd exposure and were chosen for identification. The total and normalised volumes, fold change and *P*‐value of each spot is given.

###### 

Click here for additional data file.

###### 

**Appendix S4.** Table 1 provides forward and reverse primer sequences used to determine gene expression levels with RT‐qPCR, including reference genes. Amplicon size and primer efficiency for each gene are indicated. In Table 2 quantitative real‐time PCR parameters according to the Minimum Information for publication of quantitative real‐time PCR experiments (MIQE) guidelines derived from Bustin *et al*. ([2009](#plb12865-bib-0008){ref-type="ref"}) are given.

###### 

Click here for additional data file.

###### 

**Appendix S5.** Complete MASCOT protein identification data of picked spots from the cell wall protein fraction and soluble protein fraction.

###### 

Click here for additional data file.

###### 

**Appendix S6.** Tables 1--4 contain all identified proteins in each of the four protein fractions and their abundance change after Cd exposure. Fold change and *P*‐value were obtained using the SameSpots software (TotalLab). Functional classification of each protein was determined using Blast2Go. Subcellular localisation was determined with TargetP. Figure 1 shows MS spectra from spots 1318 and 1433. In both spots the same protein was identified being of contradictory abundance. Spectra are clearly different indicating the presence of different isoforms.

###### 

Click here for additional data file.

###### 

**Appendix S7.** Normalised expression of genes related to cell wall structure and lignification in stems of *M. sativa*. Plants were exposed to Cd (10 mg·kg^−1^ soil) in a long‐term experiment. Data are used for the heat map representation showing the hierarchical clustering of all investigated genes.

###### 

Click here for additional data file.

###### 

**Table S1.** Summary of identified proteins in the cell wall fractions (CaCl2, EGTA, LiCl) of M. sativa stems that show a Cd‐induced significant abundance change.

###### 

Click here for additional data file.
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